Summary
A microporous silica support, LiChrosorb Si-100, has been silanized with octyldimethylchlorosilane and octylmethyldichlorosilane. The repeatability of the silanization procedure was within about 2%. In general, these nonpolar modified silicas still contain too many residual hydroxyl groups, causing bifunctional behaviour of the adsorbent. A partial condensation of surface silanol groups at a drying temperature > 200 ~ prior to the chemical modification, decreases the residual hydroxyl group content. With respect to this residual polarity, monochlorosilanes appear to be effective. The concentration of bonded octyl chains remains virtually constant up to a drying temperature of 400 ~ Owing to silanization, the specific surface decreases by 15-20%, whereas the pore volume decreases by 25%.
I ntroduction
The development of chemically bonded stationary phases on siliceous supports for column packing material in highperformance liquid chromatography marks an important breakthrough, n-Alkyl bonded phases especially enjoy enormous popularity. Over 60% of liquid chromatographic separations are carried out on these packing materials nowadays [1 ] .
The organic molecules are bonded to the silica surface either as a polymeric layer [2, 3] or as a so-called "brush" or "bristle", a monolayer of molecules more or less perpendicular to the silica surface [4-6]. Unger et al. [7] prepared * Author to whom correspondence should be addressed. Present address: Philips Research Laboratories, 5600 MD Eindhoven, The Netherlands.
bulk modified stationary phases by co-condensation of tetra-alkoxysilanes with organotri-ethoxysilanes. The alkyl chains become part of the bulk phase as well as of the surface.
Whatever reaction path chosen to modify the silica surface, non-modified hydroxyl groups will remain. These residual groups, including hydrolytically formed hydroxyl groups, influence the characteristics of the modified silica. The nonpolar organic molecules and the polar hydroxyl groups give the surface a bifunctional character. Although these hydroxyl groups will be deactivated by a polar eluent, their influence cannot be excluded. With nonpolar eluents their influence is clearly shown [8, 9] .
In this paper we shall describe experiments leading to a decrease in the residual hydroxyl group concentration with maintenance of the concentration of bonded organic molecules. The influence of a thermal treatment of the silica before the chemical modification is examined. For the surface silanol group concentration for dry silica we accepted a value of 8/amole m -2. The number of bonded silane molecules varies from 2-4/amole m -~ (see Table I ). Thus as long as the surface hydroxyl group concentration exceeds 4-5/amole m -2 after the thermal treatment, no remarkable decrease in the surface carbon content should be found, while a decrease in the residual hydroxyl group concentration may be expected [10] , at least when monochlorosilanes are used. In case di-or trichlorosilanes are used as modifier, all reacting bifunctionally with a yield of "~ 4/amole m -2 , a decrease of the surface hydroxyl group concentration may be disadvantageous. When the residual hydroxyl groups are located in micropores, inaccessible to the reagent, desorption of surface hydroxyl groups could result in a decrease in bonded organic molecules as well.
The influence of residual hydroxyl groups is most pronounced with nonpolar bonded phases. As mentioned above, these phases enjoy enormous popularity. Therefore, we used nonpolar reagents, octyldimethylmonochlorosilane and octylmethyldichlorosilane, in this study. The octyl chain is a compromise between the totally bonded carbon content and a limited accessibility of the alkyl chain to micropores. After silanization, no attempts were made to decrease the influence of residual hydroxyl groups with a subsequent treatment with, for example, trimethylchlorosilane.
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Alkylsilane Modified Supports
The coupling of alkyl chains to the silica support can be performed with tri-, di-and monochlorosilanes. Generally, tri-and dichlorosilanes are used. The stoichiometry of these reactions has been studied extensively [11, 12] .
Trifunctional chlorosilanes have an adverse influence on the residual hydroxyl group concentration. Over 50% of a dichlorosilane should react bifunctionally if it is to be preferred to a monochlorosilane. Monofunctional as well as bifunctional reactions have been found to occur when using a dichlorosilane [13] . Therefore in case mono-and dichlorosilanes are used as modifying reagents a decrease of the surface hydroxyl group concentration can be advantageous.
To show the generally attainable degree of conversion, coverages of a number ofalkylchlorosilane modified supports are presented in Table I . Collecting these values together the discrepancy in methods of calculating the surface density, as recently mentioned [14] , manifested itself clearly. The surface coverage should be expressed as the number of attached silane molecules instead of using the number of attached alkyl chains [8, 9] . The carbon atom of a methyl group attached to the silicon atom in mono-and dichlorosilanes should not be forgotten in the evaluation of elemental analysis data [ 16 ] . The surface concentration is generally cited as #mole m -2 . Calculating this value from elemental analysis figures, one should correct for the weight increase of the support due to modification, otherwise the author will wrong himself [8, 9] . Especially when long chain alkylsilanes are bonded to the silica support, approximately 30% of the total weight (for octadecylsilane 20%C) must be attributed to the bonded stationary phase.
We have used the expression given by Berendsen et al. [14] and Hemetsberger et al. [16] for calculating the alkylsilane density from carbon content data found in the literature. M is the relative molecular mass of the bonded organosilane, for a monofunctional reagent given by -Si(CH3)2-(CH2)nCH3, for di-and trifunctional silanes given by =SiX-(CH2)nCH3 or -SiOHX-(CHz)nCH3 with X = CH 3 for a dichJorosilane and X = OH for a trichlorosilane. The last two are supposed to react 50% monofunctionally and 50% bifunctionally.
The surface coverages, as given in Table I are calculated according to this equation. If the values given in the articles referred to deviate, then these values are given in brackets. Table I shows that the surface coverages obtained vary between 2-4 #mole m -2. The surface hydroxyl group concentration was found to be 8 #mole m -2. Therefore the statement "... use a fully hydroxylated silica with the highest population of hydroxyl groups as possible ..." to achieve a dense monolayer of bonded molecules [11 ] , is a dubious one. A study of the effect of partial dehydration of the silica surface prior to silanization seems worthwhile.
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Experimental Chemicals and Materials
Three mixed 100g batches of LiChrosorb Si-100, dp = 10/am (Merck, batch EH23 charge 7518609, batch EH12 charges 7489111 and 7442231) are used as a support for the preparation of the chemically bonded stationary phases. Octyldimethylchlorosilane and octylmethyldichlorosilane are used as silanizing reagents. Because they were not commercially available, they were prepared by hydrosilylation of 1-octene (Merck) and methyldichlorosilane (Fluka, Buchs, Switzerland) with potassiumchloroplatinate as catalyst [17] [18] [19] . After fractional distillation the reaction product was stored in closed glass ampules. Although isomers, noctylsilane and 1-methylheptylsilane, can be formed during the reaction, only the former silane appeared to be synthesized as proved by NMR 2~ Toluene was used as dispersion medium, pyridine was added to the solution to accelerate silanization. Both solvents were of Pro Analyse grade (Merck). Hexane, acetone and methanol, used to wash the modified silica were chemically pure and filtered over a 0.5/am Fluoropore filter (Millipore, Bedford, Mass. USA) before use. Water was distilled and deionized by a Millipore-Q-system. The infrared sampling procedure is described elsewhere [21, 22] .
The self-made chemically bonded stationary phases are compared with several commercial materials, SAS-Hypersil and ODS-Hypersil (Shandon, Runcorn, UK), Partisil ODS (Whatman, Clifton, N.J., USA), LiChrosorb RP-8 and RP-18 (Merck) and Spherisorb ODS (Phase Separations, Queensferry, UK). 
-
Elemental analysis is applied to measure the carbon content after modification of the siliceous support. Home made equipment was used. -Infrared spectra of the modified silicas are recorded with a Hitachi Model EPI-G2 spectrophotometer (Hitachi, Japan). The samples are prepared according the procedure described earlier [21, 22] .
Silanization procedure
No pretreatment is given to the bare silica, except the drying procedure, to avoid any change in the pore structure. Alkylchlorosilanes can be bonded to the silica surface either in the gas phase or in the liquid phase. We have applied dispersion of the silica in a nonpolar solvent, analogous to the procedure of Hemetsberger [15] . Toluene was used as dispersion liquid. A more detailed description is given elsewhere [21] . The percentage of bonded carbon as a function of the reaction time is measured. The result is given in Fig. 1 . Owing to the influence of the added pyridine, the reaction was complete within a few hours.
Characterization of the modified silica
Tile bare silica and the silanized silicas are characterized by several methods.
-Specific surface measurements are performed by nitrogen adsorption at -196 ~ according to the BET method. A Str6hlein Area meter was used (Str6hlein, Dtisseldorf, FRG). -The pore size distributions and pore volumes are calculated from nitrogen adsorption/desorption isotherms using a modified Kelvin equation [23, 24] . The isotherm data were obtained with a Sorptomatic Model 1826 (Carlo Erba, Milan, Italy).
Results and Discussion
The effect of the drying temperature on the pore structure, the carbon content and the residual hydroxyl group concentration is discussed.
Drying temperatures of 200 ~ 400 ~ and 600 ~ were applied. The hydroxyl group density at these temperatures has already been shown [21] .
Twelve batches of octylsilane modified silica were prepared. Numbers 1-6 were silanized with octyldimethyl monochlorosilane; batches 1,2 and 3 were dried at 200 ~ 400 ~ and 600 ~ respectively, batches 4, 5 and 6 are duplicates of 1, 2 and 3. Numbers 7-12 were silanized with octylmethyldichlorosilane. Analogous to the first series, batches 10, 11 and 12 are duplicates of batches 7, 8 and 9, dried at 200 ~ 400 ~ and 600 ~ respectively.
Specific Surface and Pore Structure
As LiChrosorb Si-100 is a microporous silica, a change in specific surface is likely to occur by covering the surface with an organic layer. Results of specific surface determinations are given in Table II . The specific surface of LiChrosorb Si-100 is 290 + 5m 2 g-l, in accordance with the suppliers' data. After silanization with octylchlorosilane the specific surfaces decreased by about 15-20%.
Chromatographia Vol. 13 No. 1, January 1980 Originals The differences between the various batches are not significant. The BET surfaces derived from the adsorption isotherms are somewhat lower. The specific surface decrease is partially due to the weight increase by silanization, partially due to the filling of micropores by the organic molecules. The decrease cannot be attributed to a surface reduction owing to a temperature effect, since the specific surface of the bare silica remained unchanged after drying at 600 ~ More insight is given by data about the pore structure. Data are given in Table II . The repeatability of the equipment, used to measure the nitrogen adsorption isotherms, is 3-4%. The variations between the data of the modified silicas are slightly higher but they are not.so significant that conclusions from differences between the three drying temperatures or the silanizing agents can be drawn. The LiChrosorb Si-100, which we used, had an average pore radius of 7.5 nm. Table II shows that after silanization the pore volume has been decreased about 25%. Consequently, the average pore radius decreased from 7.5 nm to 6.5 run.
Surface Coverage
In Table III Infrared spectra of octyIdimethylmonochlorosilane modified supports, dried at different temperatures prior to modifications, visualizing residual hydroxyl group concentration. Table I . Eq. (1) is applied. The elemental analysis data are accurate within 2%. The repeatability of the silanizing procedure appears to be good. Drying of the siliceous support at 400 ~ has not led to a significant decrease in the carbon coverage. There were enough attainable silanol groups left at the surface to achieve the maximally attainable conversion. As predicted before [21, 22] , drying at 600 ~ induced a decrease in the carbon coverage. A reduction of 15-20% is found. But even this decrease is rather small since from the literature [25] . It can be estimated that the silanol group density decreases from 8/amole m -2 to 2.3#mole m -2 after drying at 600 ~ The differences between octyldimethylchlorosilane and octylmethyldichlorosilane are hardly significant.
Residual Hydroxyl Group Concentration
The residual hydroxyl group concentration has been visualized by infrared spectroscopy, using the mull technique as described elsewhere [21, 22] , From batches 1, 2 and 3 and 7, 8 and 9 mull samples were prepared and infrared spectra were recorded. The samples were dried at 200~ during 4 hours prior to embedding them in the mull oil. Thereby all physisorbed water was evaporated. Results are given in Figs. 2 and 3 . The spectra of both octyldimethylchlorosilane modified silicas and octylmethyldichlorosilane Chromatographia Vol. 13 No. 1, January 1980 Originals modified silicas reveal that the residual hydroxyl group concentration markedly decreases with increasing drying temperature.
A slight difference can be noticed between Fig. 2 and 3 . The shoulders in the OH-absorption band around 3550cm -1 are somewhat broader for the dichlorosilane modified packings, owing to formation of new hydroxyl groups by hydrolysis of nonreacted chloride atoms. These hydroxyl groups can be hydrogen bonded to silanol groups on the silica surface.
For comparison, infrared spectra were recorded from a number of commercially available alkylsilane modified packing materials. The spectra are represented in Fig. 4 . The modified silicas are dried at 200 ~ prior to embedding them in the mull oil. Unfortunately it is not known whether these packing materials have been treated with a sman reactive silylating agent, like trimethylchlorosilane, to decrease the residual hydroxyl group concentration. The spectra visualize the number of residual hydroxyl groups. Most modified silicas exhibit a more or less equal residual hydroxyl group concentration. Differences in the absorption frequency around 3550 cm -1 are most pronounced. Partisil ODS contains more residual hydroxyl groups, which
